Abstract This paper describes a measurement system based on the dual-pump coherent anti-Stokes Raman spectroscopy
I. INTRODUCTION
Non-intrusive optical instrumentation systems capable of obtaining measurements of multiple fluid properties in a single laser pulse have been used to characterize high speed and combusting flows. For example, researchers have employed CARS to measure temperature [t] , dual-pump CARS to measure temperature and species mole fraction [2] , and Rayleigh scattering [3, 4] to measure temperature, density, and velocity in combusting flows. When multiple flow properties are measured simultaneously, correlations between those properties can be used to obtain a detailed understanding of complex flow behavior. These correlations can aid in the development of multi-parameter turbulence models for computational fluid dynamics codes. However, past work has generally been limited to independent measurements of temperature and species concentration using CARS and measurements of velocity using a variety of methods including interferometric Rayleigh scattering. We are developing a diagnostic system for spatially and temporally resolved simultaneous measurements of gas composition, temperature and multiple components of velocity in gas flows. In Reference [], we reported the combination, for the first time in a laboratory, of a dual-pump CARS system [2] with an interferometric Rayleigh scattering (IRS) system [6] , to provide time-resolved simultaneous measurement of temperature, species concentration of N2, 02, and H2, and two components of velocity in gaseous media. References [7] and [8] present single-point measurements performed with the CARS-IRS system to demonstrate its capability in a laboratory-scale Mach 1.6 H2-air combustion-heated supersonic reacting jet. This paper describes a compact and versatile mobile version of this system designed primarily for the use in various largescale test facilities and laboratories at NASA Langley Research Center. These large-scale experiments are needed to generate spatially and temporally resolved experimental data for the CFD modelers. The final setup and pretests of a large-scale axisymmetric Mach 1.6 H2-air reacting jet are ongoing at NASA Langley Research Center's Direct Connect Supersonic Combustor Test Facility (DCSCTF).
This system was designed based on lessons learned from other mobile laser diagnostics systems for large-scale facilities, as for example Refs. [9] , [i 0], and [ I] .
II. THE CARS-IRS INSTRUMENT
The CARS-IRS instrument consists of a mobile laser system (MLS) hosting the main and auxiliary lasers, and the laser delivery optics (Fig. 1) , and a beam receiving system (BRS) that is placed near the measurement location. The BRS directs and moves the probing laser beams into the flow and collects and transmits the resulting CARS and IRS optical signals to their respective detectors (Fig. 2) . The MLS has a fixed design (with flexibility for further development) and it can be placed inside or outside the test facility while the BRS is designed for the specific experiment to be performed. In fact, two BRS systems have been used: one in the laboratory and a second one in the large-scale facility.
Dual-pump CARS system
For the measurement of temperature and the absolute mole fractions of N2, 02, and H2 we use a dual-pump CARS method [1, 2] . The system uses a spectrally narrow green laser (0.005 cm'i, 20 Hz, 9 nsec/pulse, seeded Nd:YAG @ 532 nm -Spectra Physics PRO-290) and a tunable narrow-band yellow dye laser Referring to the optical setup of the BRS system shown partially in Fig. 2 , the three laser beams of different colors from the output of the MLS are delivered by 5 broadband mirrors, 76.2 mm diameter mirrors (partially seen in Fig. 5 (c)), with a total loss of the input beams energy of less than 4500 in green, 17% in yellow, and 11% in red) and combined at the focusing point of lens L1 in a folded BOXCARS phase matching geometry to generate a blue spectrally-broad CARS signal beam. Spatial locations and parallelism of these beams at the input of the BRS (to obtain the phase matching geometry) are adjusted using the combining output optics of the MLS. To maximize the CARS signal and perform fine adjustments of beam crossing at the focus of lens L1 separate combining optics are used right before the lens. This assembly consists of three pairs of adjustable narrowband dichroic mirrors (used for higher efficiency), one pair for each color. After passing through the measurement volume, the threecolor input beams plus the coherent CARS signal beam at 491 nm (blue) are collected and collimated by the lens L2 after which the beam dump BD and dichroic mirror DM1 removes the pumps and Stokes beams. The mirror DM1 (with maximum reflectivity in green) reflects the green beam for further use in Rayleigh scattering. The CARS signal, which contains N2, 02 and H2 spectra, is passed through a narrow band interference filter to reject background light, and is focused by two "crossed" cylindrical lenses on the input slit of a one-meter spectrometer (McPherson) with a 2400 groove/mm grating. At the output of the spectrometer, the CARS spectra are recorded by a Princeton Instruments PIXIS-1OOB CCD camera with an area of 1340 pixels horizontally x 100 pixels vertically. The shape of these spectra provides information on the temperature while the relative intensities of the different molecules spectra provide a measure of the relative mole fractions. Figure 3 shows a single-shot image in which signal is binned in the vertical direction to form three horizontal bins of 33 pixels each, the CARS spectra (middle), and background light (upper and lower bins), recorded in room air. During post-processing, the background bins are used to correct the CARS spectra for camera dark noise and unwanted background light.
Broadband Dye Laser: As mentioned, the dual-pump CARS system is configured to measure rotational vibrational N2 and 02 as well as pure rotational H2 lines in the same spectral region. To cover this spectral region, a broadband laser oscillator is required. We investigated a modified oscillator based on the design of Hahn et al [j ] , which can be operated in a "modeless" (MDO), i.e., no cavity, or a cavity (CDO) configuration.
Both oscillators, CDO and MDO, use a 4 mm diameter Bethune dye cell and a reflector, a parabolic mirror or a combination of a planar mirror and a lens to replace the mirror. The mirror collects a part of the stimulated emission coming from the cell and reflects it back to create a laser beam of amplified stimulated emission. Optical coupling with the next stage of amplification is performed using a pinhole for MDO or a 5000 reflectivity mirror for CDO. The length between the retro-reflector and optocoupler is 0.3 m, and 1 m for the CDO and MDO, respectively. A glass plate mounted at the Brewster angle in front of the mirror is used to reject one polarization of the spontaneous emission. The laser medium for both lasers, having a length of 40 mm, is a flowing solution of methanol and Rhodamine 640 laser dye. Both oscillators were sidepumped with a fraction of the narrow-band Nd:YAG laser at 532 nm. The MDO configuration used a pump laser beam with energy of about 125 mJ/pulse. This beam was obtained from wavelength doubling of the infrared light usually dumped by the Nd:YAG laser. The output energy of this MDO oscillator was small (unmeasurable with our power meter), requiring multiple stages of amplification to obtain usable output energy. The CDO type oscillator was pumped with energy of about 30 mJ/pulse, generating about 3 mJ/pulse of laser radiation at its output. The pumping was performed by means of two parallel beams expanded by a telescope using cylindrical lenses. The beams were generated using the multiple reflection of a highenergy beam from both surfaces of an uncoated thick glass plate mounted at 45 degrees. This method produced two partially overlapped elliptical cross-section beams that permitted high efficiency pumping for this long dye cell. An amplifier stage was added to this cavity oscillator configuration consisting of a rectangular dye cell having parallel windows and collinear beam pumping optics. The flow of the dye solution (having a concentration of about 1/3rd of that of the oscillator solution) is oriented at the Brewster angle to minimize losses. The amplifier is pumped with the fraction of the input pump beam that passes through the glass plate of the oscillator. The maximum output energy and wavelength are about 24 mJ/pulse and 607 nm, respectively. Higher energy pumping of the amplifier is avoided due to intra-window lasing and dye saturation effects.
Interferometric Rayleigh Scattering (IRS) System
The interferometric Rayleigh scattering measurement system is similar to earlier versions that are described in References [5, 6, and 7] . The same seeded green laser beam employed for CARS is used as a narrow-band light source for the Rayleigh system. The difference from the previous versions is that two components of velocity are measured directly and simultaneously. This is performed by redirecting the green laser beam back toward the measurement volume for a second [6] for details).
The Rayleigh interferograms and the CARS spectra are acquired simultaneously in two separate files on separate computers for each laser pulse by synchronizing the cameras with the green laser Q-switch at 20 Hz. Post processing of data is performed to fit CARS and Rayleigh spectra with theoretical models, thereby determining the gas temperature and the species mole fractions of H2, 02, and N2, and the Doppler shift frequency of the Rayleigh signal which is used to solve for two components of velocity (for details of these analyses see Refs
[I]and[f]).
Energy Storage System: The Rayleigh signal intensity is linearly proportional to the laser energy but the breakdown of the gas at room temperature limits the use of the laser energy for CARS or Rayleigh scattering to about 65 mJ/pulse when using 410 mm focal length lenses to focus the light. To increase the Rayleigh signal and to avoid laser-induced breakdown and saturation effects in CARS, a fraction of the green laser energy is delayed 18 nsec and re-injected on the same optical axis by using an energy storage system (ESS) which contains a pulse stretcher. The optical arrangement shown in Fig. 1 , and described in Reference [5] , is designed to obtain a burst of three high-energy laser pulses of almost identical amplitudes and secondary pulses of low energy. Basically, two beam splitters with a transmittance of 68% and 38% are used as input and output combiners respectively, and six flat mirrors create three delay lines of 0.2 m (between beam splitters), 2.9 m (from the first to the second beam splitters), and 2.9 m (from the second to the first beam splitters) respectively. Two glass windows are used in conjunction with the beam splitters to compensate for the changes in optical path by refraction. At full input laser energy of about 300 mJ/pulse, the storage system can deliver at its output up to 200 mJ/pulse. 
Laser Beam Viewing System
To monitor the CARS and Rayleigh laser beams in real time and to perform the laser beams monitoring on the cart and the optimization of beams crossing at the measurement volume we used focal plane imaging onto a video camera [j3] . This monitoring system is denoted here as the CARS and Rayleigh beam viewing (CRB-View) system. For the CRB-View system arrangement shown in Fig. 2 a real Similarly, the leakage of the laser beams through one of the broadband mirrors used to direct the beams from MLS to BRS is used as input for a secondary CRB-View system. This system performs the monitoring of the parallel laser beams at the input of the BRS system (before the measurement location, focusing lens L1).
Monitoring of the beams intensity profiles and crossing permitted the beams to be adjusted in real time during both preliminary setups and experiments.
Hardware Configuration
The mobile CARS-IRS instrument has been used with two different optical configurations of the BRS: one for laboratory use and another for the DCSCTF. For laboratory use, the flow under investigation is oriented vertically and the combustion experiment hardware itself can be translated in three dimensions. In the DCSCTF, the facility nozzle is fixed horizontally, so the BRS translates in three dimensions to probe multiple spatial locations. Fig. 5(a) shows the image of the MLS, while the laboratory and facility BRS's are shown in the images of Fig. 5(b) and Fig. 5(c) Fig. 6 . The transverse plane image shows the three input CARS beams and the secondary green beams (used for the Rayleigh scattering signal enhancement to measure one component of velocity) as they pass through the measurement region. The contour lines represent curves of constant intensity using an arbitrary intensity scale. The white color in the center of the peak indicates CCD saturation. The focal length of L1 is 410 mm, the collimated beam diameters are about 10 mm (at maximum aperture) on the lens L1, and the focused beam diameters vary approximately from 50 to 100 ptm, depending on wavelength. These measured beam diameters were based on a calibration (6 ptm/pixel) using a slit of known width positioned at the focus point of lens L1 (measurement location).
For illustration purposes the green, yellow and red beams are imaged out of focus in a plane about 8 mm from the center of the measurement volume. The beams of different color are separated by about 500 ptm at this location. The green beams form a cluster in the bottom left hand of the image; the beam which occurs first in time is of highest intensity and is used for both CARS and Rayleigh: the remaining grean beams are coming from the ESS and are used only for the Rayleigh system. This device reveals if the beams from the pulse stretcher are collinear or out of alignment. This avoids collecting Rayleigh scattered photons from different spatial locations, which would result in an undesirable spatial averaging of the measurement and/or in loss of signal. The image shows the spatial non-uniformity produced by overlapping the secondary laser beams coming from the ESS.
In addition to beam crossing alignments for CARS and beam overlapping for IRS, the CRB viewing system has the capability of monitoring laser beam steering. For example, we readily observed small fluctuations in beam intensities and spatial locations during supersonic flow experiments due to environmental vibrations and gas refractive index fluctuations. ii advantage of using broader Stokes spectra is to increase the CARS signal-to-noise level at the edges of spectra (where the rotational hydrogen lines S(5) and S(6) are located), increasing the precision of temperature measurement and the accuracy of hydrogen mole fractions measured. The biggest disadvantage of the CDO is the cavity mode competition that leads to a worse precision of CARS temperature measurements if compared with systems using MDO's ([jO, and 14] ). Another disadvantage of using such a cavity dye oscillator (CDO) design is that it requires a longer delay line (-3 nsec) to synchronize the oscillator output and the dye amplifier pump beams. Consequently the other two CARS pump beams require longer delay lines for temporal matching, complicating the system, decreasing its efficiency, and increasing its sensitivity to vibrations. 2) Stokes Laser Spectral Characteristics: Measurements of spectral characteristics of are shown in Fig. 7 . A low-resolution sp lines/mm grating blazed at 300 nm -Ocea USB4000-UV-VIS/OFLV4-200-850 with 25pt for this measurement, with the CDO and MI setup having the same dye cell, dye solutior and pumping energy. The variation from its case, obtained from ten consecutive measure with a constant bias in the lower part of comparison with a commercially available E dye laser (EMDL) [14] laboratory setup in a small-scale Mach 1.6 H2-air combustion-)tical axis can be heated supersonic jet are presented herein [7, 8] . Each spectra rse profiles at of CARS and IRS in Fig. 8 , and Fig. 9 , respectively shows the r
The maximum experimental data, the theoretical fit, and the residual between ined from these them. The measurement volume is a single point for CARS of about 1.5 mm x 0.1 mm x 0.1 mm and up to four non-evenly spaced points for Rayleigh scattering of about 0.1 mm3 each.
the Stokes laser These non-evenly spaced points are distributed across about ectrometer (600 1.5 mm. The beam energies at the measurement volume for n Optics Model these measurements were in the range of 150 to 200 mJ/pulse m slit) was used for the green laser burst, with 65 mJ/pulse in the first green DO laser optical pulse used for CARS, 2 to 10 mJ/pulse for the red, and 5 to l, retro-reflector, 15mJ/pulse for the yellow laser beam.
i mean for each Figure 8 shows an example of dual-pump CARS spectra ments, is shown measured on the axis of the jet at 70 mm (7 nozzle diameters) f the figure. In downstream of the nozzle exit. For this measurement we used wart's modeless the commercial EMDL [14] (with an additional stage of ar laboratory, the amplification) as the Stokes beam having a FWHM of about profile, while the 220 cm-'. The increase in the noise at the edges of the CARS / is 6 nm for the spectra are caused by low energy probing at the edges of the L2 nm (320 cm'1) broadband spectrum where the H2 lines S(5) and S(6) are of the spectral located. The relative measurement inaccuracy for the er than that of a concentration of H2 in this work can be overcome by higher crease by about energy output and broader Stokes spectra of the CDO design 40 is used as the (with a bandwidth of 320 to 360 cm-').
profile of about
The velocity measurements were performed simultaneously n these two laser with the CARS measurements (examples are given in Fig. 4 of arison of CARS Ref. [5] ). However, both systems can be run independently if with a pinhole is desired. Spatially resolved single-pulse spectra of entration for one interferometric Rayleigh scattering are shown in Fig. 9 . These rift of the other. two spectra, extracted from interferograms similar to the eviation from its interferogram presented in Fig. 4 show the Doppler shift of the ed value of 6.700o Rayleigh signal with respect to the reference laser frequency, those reported in indicated by narrow peaks in Fig. 9 (a) and black crosses in Fig.  10 and 14 ]. The 9(b). These shifts are used to calculate two components of Measurements in a small-scale Mach 1.6 H2-air combustionheated supersonic jet were performed in the laboratory to test the capability of the system. The installation in a large-scale test facility is ongoing.
